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K FOREWORD

This document provides a detailed description of the formulation and computational
processes contained within the Kozai Mean Element Converter (KMEC) software package.

The KMEC program was developed by the Naval Surface Weapons Center under the auspices

of the Defense Mapping Agency to specifically provide operational support to the new MX
1502-DS and modified TRANET II Doppler beacon satellite tracking receivers. This report
has been reviewed and approved by Dr. R. J. Anderle.
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INTRODUCTION

The primary function of the Kozai mean element converter (KMEC) is to generate
mean Kozai orbital element sets for satellites tracked by the MX 1502-DS and modified
TRANET II geoceivers. These geoceivers will use the mean element sets in conjunction
with a Kalman filter to provide autonomous orbit updates and to predict station-satellite
inview periods. To avoid problems associated with mathematical singularities, such as those
that occur with near-circular orbits, the following nonsingular element set has been selected
to perform the mean element transformation in KMEC:

a = semimajor axis

.-. X=Q+g+h

.=e cos 2  (= g +h) (1)

= e sin

P sin 2 cos h

(i)
Q = - sin h

where a, e, i, 2, g, and h are the usual Keplerian elements.

KMEC is comprised of seven basic computational functions:

1. The process flow supervisor (PFS)

2. The Cartesian input section (CIS)

3. The Brouwer input section (BIS)
4. The Walter mean element interator (WMI)
5. The nonsingular orbital element builder (NEB)
6. The geoceiver format section (GFS)
7. The Keplerian element builder (KEB)

Figure 1 shows the functional overview of KMEC and the interfunctional data flow. A
detailed description of each of these functions is presented in the following sections.
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CARTESIAN OPIN 7CARD DATA CARD 5.CARD AT
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As user-supplied input, KMEC requires the selection of a processing option (IOAOP).
If IOAOP = 0, KMEC will use a nonsingular transformation theory to convert a Brouwer
mean element set obtained from Space Surveillance (SPASUR) input data to a Kozai mean
element set. If IOAOP = 1, KMEC will use the same nonsingular transformation theory to r:':

convert osculating Cartesian position and velocity vectors to an associated Kozai mean
element set. Also required as input are the satellite number (KSA), the satellite type

(ITYPE), the satellite frequency offset (Af), and the universal time of transit of the vernal
equinox (tv ). These data are included on the identifier data card. The Kozai mean
elements and associated information are written to hard copy during the computational "',

cycle.

THE PROCESS FLOW SUPERVISOR (PFS)

FUNCTIONAL DESCRIPTION

The principal tests performed by the PFS are to receive input data, direct the pro-
cessing flow, and output computed results. Specifically, the PFS: '

1. Receives from input the user-selected processing option
2. Receives from input the identifier card data
3. Receives from input Brouwer mean elements from five-card SPASUR data when

IOAOP = 0
4. Directs processing through the CIS, BIS, WMI, NEB, KEB, and GFS functions
5. Converts input data to the proper computational units
6. Writes to hard copy the input, intermediate, and output mean element sets "

The flow of the PFS function is presented in Figure 2.

When IOAOP = 1, the CIS function is entered and osculating Cartesian position and
velocity vectors are received along with the vector epoch. These vectors are converted to an
osculating Keplerian element set and are used to initiate the Kozai transformation process.

PROCESSING EQUATIONS

The semimajor axis read from the SPASUR data is the Kaula semimajor axis akexpressed in earth radii. This is converted in the PFS to the. Brouwer mean semimajor
axis a" via the transformation

17
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4

-- 4



---

NSWC TR 83-135

_/+ 2X\2/3
a ak a X (2)

where

3 J2 (1 - 3/2 sin 2i")
X 4 a2 (1-e"2 ) 31 2  (3)

In the above expressions, a is the earth's semimajor axis, J is a zonal harmonic gravi-

e 2
tational constant, and i" and e" are the Brouwer mean inclination and eccentricity, re-

spectively.

BROUWER INPUT SECTION (BIS)

FUNCTIONAL DESCRIPTION

The Brouwer input section accepts the Brouwer mean element set from the PFS
and converts it into an associated osculating element set at epoch to. This is accomplished

through the application of the Brouwer-Lyddane theory,1' , which has been modified to

include the effects of atmospheric drag (the atmospheric drag decay rates are nulled during

this computation). These osculating elements are then used to formulate the osculating

nonsingular element set that initializes the mean element interation algorithm. The BIS

processing logic flow is shown in Figure 3.

5r
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( ENTER BIS FUNCTION

COMPUTE THE
SECULAR TERMS
FOR f", g", h"

EQS. 5, 6, AND 7 tL

INCLUDE LONG

PERIOD EFFECTS

EQS. 8, 9, AND 10

INCLUDE SHORT
..PERIOD EFFECTS

" "EQS. 11 THRU' 20

OBTAIN FINAL
OSCULATING
VALUES FOR e', g, e

EQS. 21 THRU' 25

(RETfURN

FIGURE 3. BROUWER INPUT SECTION PROCESS FLOW
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PROCESSING EQUATIONS FOR THE BROUWER-LYDDANE METHOD

The equations used to compute osculating orbital elements from mean BrouwerK

elements and associated decay rates are delineated in this section. First define the
following:

a =sernimajor axis decay rate

e =eccentricity decay rate

n = time rate of change of mean motion

t = time from epoch

n0  = (p/a 13 )V,

0 =Cos i"

.44

72 =721? (4)

73 =C 3 0 a 3 a 113 1-6

74' = - 3/8 C4 0 a~ a"48-

75s' = - C50 a' a" 5 7-1 0

eC
Ix -l 502

I3 = - 1102 -4004 Cx1

7 = - 02 - 04 Ce-

8 = Il-902~ 4 Ce-

X = I - 502 - 1604 C-

where the C.0 C 2, 3, 4, 5) are the zonal harmonic gravitational expansion coefficients.
Then the secular terms are computed from

no "n t -2'732 1) + - y221 15 + 167 + 25,q2

1(5

-I- 002It 20]~y...
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g not 72 Ot + 32 72 2 35+ 24n +252

+ (90- 1927r - 1267?2)02 + (385 + 3607 + 4572)04] (6)

+ 6 74' - 9n + (-270 .126r2)02 + (385 - 189,q2)O + go

and

"; not {- 33-0 + 2 ' [-5 + 1271 + 9172)0 + (-35 - 36r - 5r)03]

.5--2 5 }2,

i+ '74' (5- 3r12)0 (3- 70 ) + ho  (7)

The long period (dependent upon g") terms are computed from

i 35 ")s ,2 Xsni i~ "  1efir/
51e 9 7 2 71 2 1 ,s 3 (37212 3 - 1074' y)sin2  g"

96 e 12 12 7n(+ "" -1

35 -ys e2 1, 2 X sin i" sin g + - - [13 + 5 ys'4 M 2 I
-~128 72' 4y, 1 6 J

sin i" sin g" + [372 1074' (8) (8

2472'104

"' + g' = g" + R" + { , 372 12 2 + e" 2 - 11(2+ 3e" 2 )02
• ".,-"2472 '

- 40(2 + Se" 2 )0 4 0 - - 400e ' '2 06 e2

+ 1074 2 + 3" 2 - 3(2 + 3e"2 )O2 - 8(2 + 5e" 2 )0 4 80 e - 80e"2va F

8
Fl;-. :
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3 -, 2 5 7 Y -sin 2g + 3 - ' 7 e" X sin i

+72-Y 4 63872

2 7'X - e"(3 + 2e" 2 ) sin i" + -e1152 72' sin i"ll\

+ 2e"3O2 sin i"5 + 3202 f- 1 + 8004 a-2]I}cos 3g" (9)

+ s +n 6 [- e sin2 (4 + 3e"2 ) + e"sini"

1572 si i" 6 2 s7in V

(26 + 9 e " 2 ) 5 15 ys' (e42 i )

32si 72i" (4 + 3e")

(3 + 1602o - ' + 4004C&2) + 7- sin i".

e + 12 (3 - 1 + 64 S, 26.:
I + q, 3 ") 64 72'

e"(- 32 + 81e" 4)1
4 + 3e12 + ??( 4 + 9e" 2 ) s s } "

and

h'= h" + 3sin -, i+ sini" + 3202 1 + 800 4CC

si2  (10)+ 12sin g Cos g" + 3Y2'2 [11 + 800 2C-12 + 20004C2l (10)
12,7,2

+ 1074' 3 + 162I+ 40040 -  sin g" Cos g

35"ys' 1,,0 [x i"C i" 40 -2

+ -7' e 0- sin - i" + sin i" (5 + 320 2 w- 800402
7672~ 2j

e" [ + 5 (4 (4
+7i 3 5'( (4 + 3e"),

4-y2' sin i" 16 8

(3 + 1600 s + 400c 2) sin Cos g"

9
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The short periodics (dependent upon E', f', R") are computed from:

+ aly,2  1
a = a"t + a"- a" Y2 (3 02 1) + , 3(1 e" cos E

[302 - 1 + 3 sin 2 i" cos(2g" + 2f')]

e e +6 ++81e3-e+
"2 j6 (3- (12)

3+ell cos f' (3 e"l cos fI) Cos f] + 3( 62

Let' +13 + e" cos f' (3 + e" cos f') cos f cos (2 f' +2g")

-""( 72 - 02) 3 cos (2g" + f') + cos(2g" + 3f'~2

2"el.o 5,e + e"-Y2' 0 sin i" sin f' sin(2f' + 2g") (13)? , 71 sin i"

3

+ 2e"7Y2 0 sin ill cos V cos(2f' + 2g") + - Y2'0 sin i" cos(2f' + 2g")
2

g ++ g + +' 6a(f' -" + el sin f') + (3 502).,, 4

[3 sin(2f' + 2g") + 3e" sin(2g" + f') + e" sin(2g" + 3f' (14)

e i7 2 (0- sng ) esng 3'}

',+ e2(3 02 -1) (a + 1) sin f' + 3(1 02)4(1 + q )

(I a) sin (2g" + f') + (a + 1/3) sin (2g" +3f')

Ii h' + 2e"Y2'0 cos f' + ' 72 1 sin(2g" + 2f') (15):~ 01

l- e"Y 2 0 sin f cos(2f' + 2g") - 3Y2'0 (f' " + el sin f')

10
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and

23 O

(5 + - 2'9 sin sin 22 72' 4 6 -1

1 1 3 sin +(4 s9ein)5 (16)4 72' 64 7'2'

35 7'
Cos g1 + -71 3e" X sin 0 cos 3g"384 7'

si E'1 (18)) (

S 12 2(3 ) (a + 1) sin + 3(1 a) sin (2g"+ f )

+ (a + I sin (2g" + 3f')

• ? where

(20

I -e" cos E' I e" cos E'

The eccentric anomaly E' is obtained from a Newton-Raphson iteration upon the Kepler

equation

E' - e" sin E' R " (18)

and the true anomaly f' is found from

sin~ 7 f'= sin El
1-e" cos E' (9

f/ cos E' - e"
Cos f' =(20)

I e" cos E

' ' 11

A4.-
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The final osculating values for a, i, and h are computed from Equations 11, 13, and 15,
respectively. Equations 5, 12, 14, and 16 are used to calculate final osculating values for

g, g, and e for the following relations:

A = e cos 2" - e8k sin 2" (21)

B = esin g" + e82 cos 2" (22)

2 = tan- 1 (B/A) (23)

g = (2 + g) - (24)

and

e = (A2 + B2 )% (25)

CARTESIAN INPUT SECTION (CIS)

FUNCTIONAL DESCRIPTION

The primary tasks performed by the CIS function are to

1. Receive from input inertial Cartesian position and velocity vectors at epoch t
i.e., r(t ) and t'

2. Transform the osculating inertial Cartesian components to osculating Keplerian
orbital elements

The process flow of the CIS function is shown in Figure 4.

PROCESSING EQUATIONS

The osculating inertial Cartesian vectors 1(t) = (x, y, z) and r(t) (i, ', z) are

transformed to osculating Keplerian orbital elements by using the following relationships.

4 12

*, .4
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EINTER CIS U =TO

INPUT

READ EPOCH t
AND x, y, z,

TRANSFORM i'AND
r TO OSCULATING
KEPLERIAN a, e, i, t, g, h

EQS. 26 THRU' 31

OUTPUT

WRITEt,
AND r TO
HARD COPY

J7K
RETURN

FIGURE 4. CARTESIAN INPUT SECTION PROCESS FLOW
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a1 (26)

L1 I I

_ r r) }2 ~ 2  2
e+ a . (27)

[(y- Z 2 + Z )2
x ta,- y (28)

(x - (29)
xix- yij

h tan-l y - (30)

and

ir xiri -1 + XZ - xi) - rre
gi 0.Y)J (a~ (31)

VT -z e2 r

F.. zvo
zir x .A .e_(1

(pa)% (z yi) y(y- z,]

THE NONSINGULAR ORBITAL ELEMENT BUILDER (NEB) K
The NEB function uses the osculating Keplerian elements obtained from either the _

BIS or CIS functions to form the osculating nonsingular element set given by Equation 1.
This nonsingular element set is used to initialize the Walter mean element iterator discussed

in the following section. The NEB process flow is shown in Figure 5.

14r

%L
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ENTER NEB FUNCTION

FORM NONSINGULAR
ELEMENT SET FROM
OSCULATING KEPLERIAN
ELEMIENTS

EQ. 1

OUTPUT

WRITE OSCULATING
NONSINGULAR ELEMENT
SET TO HARD COPY

N,

RETURN

FIGURE 5. THE NEB FUNCTION PROCESS FLOW
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THE WALTER MEAN ELEMENT ITERATOR FUNCTION (WMI)

FUNCTIONAL DESCRIPTION

V. The primary tasks performed by the WMI are to

1. Iteratively solve for the mean nonsingular element set associated with the osculat- i

ing nonsingular element set formed by the NEB function

2. Write to hard copy a message describing the convergence status of the WMI I.-.
algorithm

The mathematical computations performed by this function are relatively lengthy and
quite complex. They are described in detail in the next subsection. The WMI process
flow is depictad in Figure 6.

PROCESSING EQUATIONS

The iterative technique used to find the mean nonsingular element set from the
associated osculating elements is similar t that described by Walter.' This mean nonsingular £
element set, represented by Aj, where

2X ,j2

: " ,j=3

(32)

P 5

1,,. is obtained from the iterative process executed according to the scheme ,

<.': t'-
-- 16
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ENTERWMI FUNCTION )

SET: INVOKE:

-(o) EQ. 36

K 1 OUTPUT

WRITE CONVERGENCE
MESSAGE TO
HARD COPY

EVALUATE:

(L..zpq)dX

EQS. 57 THRU' 62
,1T

COMPUTE:

EQS, 37 THRU' 42

k100 k= k+ 17K
EVALUATE:

YES

, (K) INVOKE:
EQ. 33

EQ. 36

* is

EQ.34 NO

MET FOR LL B OUTPUT

""? WRITE NONCONWRGENCE
IMESSAGE TO
YES HARD COPY

A

RETURN

FIGURE 6. THE WMI FUNCTION PROCESS FLOW

17



NSWC TR 83-135

(k) SP (k-i) (k-i)

f (t0 ) 13't 0  t Md T . 6 (t.)) , ( = 1, 2,., 6), (33)

until the condition

_ (k) (k-i)

j 3(t o) - Pj(t o) < Ej, (i = ,2,..., 6) (34)

is satisfied for all j. In the above expressions, k is the iteration counter; 13 (t o) and Is P(to)

represent the osculating values and the short periodic variation of the jth element at epoch
to ; and E. is the convergence tolerance for the jth element.

To initiate this iterative process, it is assumed that

(0)
I (to) = P0(to), (j = 1, 2, ... , 6). (35)

When the condition in Equation 34 is met, then

P(t o  = (j = I, 2, ... ,6) (36)

As can be seen from Equation 33, short periodic variations for the nonsingular element

set are required. These can be obtained by integrating the associated Lagrange planetary
equations using only the J2 zonal harmonic in the gravitational disturbing function:

*r
3 3 3in)]

as P -- -I\ sin 2i + sin 2 i cos 2 (w + f)

(37)

( - sin2 (1- e2)- 3/2

18
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XSP -2 f( _ dXp + Z ( ~2pq)
112a pq J 3a A 2n2 a2  Lt dq

(38)

+ R20pq dX dXq

3R20pq

(y aRR2p 0pq
"0s __ __ _ 2Opq o -

~ 2 (+y) aR' J a /d
~SP ax ~ a2 (39)

1 R2p a R op

A Q ~aQ oqA

2n 2a2 jp

77 a221+,y) )dX+~~ 2 fa 2) dX
(40)

___(aR ___

____q /R 20pq2Oy, dXQ 's(i Q .. t

4~ _ _ p_ q

pSP pqM 4Xa- y ~i 20M d

2n 2 a 2 ,y pax naQ A

(41)

1 aR
+ ____ I" 2Opq x2n2 a 2  pq p q 3a

A 19
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and

!cR 10 ~ I/aR pq
=P fnay' na~ q a

(42)

1 aR f/aR N()

In the above expressions, f is the true anomaly V

'Y= I e (43)

a(l - e2) 
(44)r + ecosf

and R20pq is the (pq)tI contribution to the geopotential disturbing function due to the

N2 zonal harmonic and is given in general by: 4

pa'e
R 2 apq a.+n j(c) K(V) a 1 Qm (Am cO0mpq +CBsm sin 0 mpq) +R Rmpq 2+1 Q £P pq Qpq QM mp QM Riq

a n (45)

lIImpq(Am sin 0 Bmpq - BM coS 2 mpq)

where

C 2m, 2-rn even
A m(46)

-Sm, 2-rn odd

132M m(47)

M) -,-m odd
", =20

,77-

A,' ~ 'U J :''' '~' 'S 4 ~ S.-.S--%%t,
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and
~L

0 kmpq = (- 2p + q)X- m O (48)

Here 0 is the Greenwich sidereal time. Note that for the case Q = 2, m 0

A2 0 = 020 J2 (49)

B20 = S2 0 = 0 (50)

and

0 20pq =(2- 2p + q)X (51)

The JQmp and Kpq functions in Equation 44 are the inclination and eccentricity
; functions given by

( +m)! 9 2 2p j)-. g
=i 2 P!(R-P)! /A2-m-j)C -2i (l-C2)j+(a-CI)/(2

(52)

Vq )qEr! t! [ ...pq =k=o r= t ql+k-rAk (53)

(l-T)r+t=k ( 1 __,)k), (for q > 0) '"

and

O IqI+k k -2p 2p-r -2p+ t

K('y') = (-1) I 2Q(1 +,y)-2-IqI q k ( ( ('
2pq E= E a r!tk=0 = = rt! \Iql+k-r/k k-t 2 22 (54)

(1+"/)r+t-k (I-"/)k, (for q < 0)

21
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where

k integral part ofLf

j, max(O, - a)

j2  midn(29 - 2p, R m)

a =m - + 2p

The Rmp and IImp functions in Equation 45 are given by%

mpq - -)' Q(dm(2''~ ~~upcl2nuQn

R Qmpq - 2 2 ()n+u 5 u (qj tIq-u u ,uPI 2n+u Q2n-lu J
n=O \=U u 2n1 u) (55

-m ~ Ea E (i- 1)+1
I I )(2n O" u

k k'2

u, axO,2n Jull), u. min(2n, jqi)

=max(O, 2n+1 - Jul), ul min(2n+1, jqj)

5U 1, if q, az are both positive or negative

5 U Ou, if q or a is negative

22
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The integrals appearing in Equations 38 through 42 are given by the following
expressions:

*--) dX Jop K R cos0 + I sin0 (57)
f( ~\~ 20p 2Pq 2Opq 2Opq 2Opq 20p

J - -- dX= -2.i.2p+q) J 2 t-4') J20P K2 pq t2opq n 0 opq - 2Opq COS 0 pq ,

(58)
Sopq( [ K 2pq

fR(-pq d - 32 3 ) J20 2p+q - " 2Opq +

(59)

si+J ( 12-[2 p q 12P COS02

sinO {(/-,tO ) ] II2op + Iql K2 pq II2opq cos0 2o]

-- dt =- J2 (-3) '20p (2p+q )20pq- qK 2 pq II20pq

(60)

sin 0 o- " Io + q K2 pq C2oq 0

dX-20 -Kq 203 2pq 20pq 20Pq

0p /a.) 2) 3- +2)612/
a; A J2 a-- 

i
qd2 1";-)J[ I) KIp

(61)

+ 12p- 2 1 J2op 2mpq sin 0 (a- 0 ) II 0opq

+ 12 p - 2Jp 12p m O pq

23
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and

f Ro )0 d2 K ( 5 120pq (2p-2) J 1L2mPq}

(62)

where use has been made of the relations

36Z Qmpq alIIQmpq
[qIRmpq ' Jq= II~p~l

Qmpqp'

2{mpq RIImpq
= q IImpq' , Bm q = q Qmpq'

(63)

0 £2mpq ai 2 mpq
= 2i d m , = al II m pq

aqmpq Rmpq

aQ 01 IIm pq a Q CG 2m pq

and

q 1 (q>0)
q =(64)

q + I (q < 0)

I - (2p - 2 > 0)
m= (65)

S+ I (2p- 2 < 0)

k The partial derivatives of the inclination and eccentricity functions are given by

24.
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aJim
=-2P (66)ap ac

3Q - 2Q ac(67)

where

RImp =(_l)k (R+M)! (2Qi 22j(2p
aC 2 P! (R- P)! ~i (li\ j-m -j C22I 2i

j=j %

S- L(,~ kUI)S 2' (2j+&-JIoj)S 2 i-2 I (8

S sin (- (69)

and

apq a KQPq.
- = - -(70)

at 'y ay)

aK~pq - 7 aK Qpq (1

where

aK~pq _o lQII qI+k k r
-= ___ K~p +: E~)q2Q1y I:Iq -(1 L

1+y pq ~ L~Z-~r!t!
(2P2Q( -P) £-P+)r= k rO t=O (72)

()+ tk [(-k)(1-,y)k-

25
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00 IqI+k kaKp q + )lq 2q I
a 1+3' Kpq+(-1 (l+Y)-[ E E E r!t!

k=O r=O t=O

(73)
1 / 2 p\ / 2 p- 2 \/ 2p+q r+ t
-2r 2p )rt (l+)r+t-k- [(r+tk)(1-,)k- (

\Iql+k-r \ k-t/\ 2

k(l+-y)(1- ) ' 1 , (for q < 0)

and

-K K P2

ay ') K2p(2p-_) 2'y- 2 2 + 2  (7 4)
k=o

p 2-2k-12P-21 k(1-,y2)k-I' (for q = 2p- 2 and p' - - 12p-QI

k +k2~I22~2~I2

It should be mentioned that even if convergence is not achieved (Equation 34), KMEC
assumes that the final mean element values are correct and continues processing with them.
This is done since near convegence may have occurred and the resulting mean elements
may still be usable. Messages concerning the state of nonconvergence are generated to
alert the user.

L
THE KEPLERIAN MEAN ELEMENT BUILDER (KEB)

FUNCTIONAL DESCRIPTION

The KEB function dt,:omposes the mean nonsingular element set obtained from the

WMI function into a mean Keplerian element set. The KEB process flow is shown in
Figure 7.

r
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ENTER KEB FUNCTION)K

DEOMOE O
SIGUA MEA

ELEMNTS NTOKEPLRIA

E4S 751 '7

REr

FGR7.T EQS 75 FNTION PRCS FL:
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PROCESSING EQUATIONS

The decomposition of the mean nonsingular element set into the mean Keplerian
element set is accomplished through application of the following relations:

= + 2(75)

' g = tan-' QP (76)

-- ((77)

C' g +h (78)

and

i= 2 sin-' [(p2 + QI2)] (79)

Of course, no decomposition of the mean semimajor axis i is needed.

THE GEOCEIVER FORMAT SECTION (GFS)

FUNCTIONAL DESCRIPTION

The GFS function assembles the satellite ID, type, and mean Keplerian orbital elements;
computes an earth-fixed longitude at epoch for the mean right ascension of the ascending
node; and converts the epoch from modified Julian days to year, day, and minutes of day
(GMT). These data are written to hard copy. The GFS process flow is illustrated in Figure 8.

PROCESSING EQUATIONS

The time of day in minutes (GMT) is computed by using the following:

(t, - 367y + (7y/4) - d + 678957.) 86400.
tMN 60. (80)

where to is the epoch in modified Julian days, y is the year expressed as an integer, and
d is the day of year. The right ascension of the Greenwich meridian L at epoch to is
computed from

28
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ENTER GFS FUNCTION

COMPUTE TIME OF
DAY IN MINUTES

EQ. 80

COMPUTE EARTH -
FIXED LONGITUDE OF
ASCENDING NODE

EQ. 81__L

OUTPUT-~~ WRITE MEAN ELEMENT -

AND EPOCH INFORMATION
TO HARD COPY

RETURN

FIGURE 8. THE GFS FUNCTION PROCESS FLOW L
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L =w (to -"te) (81)

where Co is the rotation rate of the earth and tve is the time of transit of the vernal
equinox expressed in modified Julian days. The earth-fixed longitude A of the ascending
node of the orbit is then computed by using

A h -L (82)
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PROGRAM KMEC (INPUTtOUTPUTtTAPE6=OUTPUT)

C

C THIS PROGRAM IS THE KOZAI MEAN ELEMENT CONVERTER (KHEC AND OPTIONALLY
C CONVERTS BROUWER MEAN ELEMENTS OR OSCULATING CARTESIAN VECTORS TC
c KOZAI MEAN ELEMENTS USING A PONSINGULAR ELEMENT FORMULATION A
C DETAILED DESCRIPTION OF KHEC CAN BE FOUND IN THE DOCUMENT ENTITLED
C " PROGRAM KREC = THE COMPUTATION OF KOZAI MEAN OR3ITAL ELEMENTS
C USING A NONSINGULAR FORMULATION " BY A. Do PARKS. ALL THE
C EQUATION NUPBERS MENTIONED IN THIS PROGRAM REFER TO THOSE IN THIS
C DOCUMENT •
C
C %
C INPUT GUIDE *.oo.o.
C CARD I ---- PROCESSING OPTION
C T9AOP = 0 CONVERT BROUWER MEAN ELEMENTS
C IJAOP = I COVERT CARTESIAN VECTORS
C CARD 2---- IDENTIFIER DATA
C KSA z SATELLITE NUMBER
C ITYPE a SATELLITE TYPE
C FT = FREQUENCY OFFSET (FPM)
C TVE x VERNAL EQUINOX TRANSIT TIME INJO)
C IF IOAOP t 0 9 THEN CARD 3 THROUGH CARD 7 ARE THE FIVE CARD SPASUR
C DATA.
C IF ICAOP x It THEN----
C CARD 3----VE.TOR EPOCH
C ZAYR = YLAR
C ADJOA = DAY OF YEAR
c ADJSE x SECONDS OF DAY
C CARD 4----POSITION VECrOR COMPONENTS
C RV(11 s X
C RV(2) =
C RV(3) Z
C CARD 5----VELOCITY VECTOR COMPONENTS
C RV(4) = XDOT
C RV(5) a YOOT
C RV(6) = ZDOT
C
C
CC

CO; ,1NON / DON / DEGRAD, XHU, XJ2, AE
COHMON / KORBEL / BA, ES, XI, W, 0, AM
COMMON / MNLL / X4
COMHCN f NORBEL / As XL, Z, XNf P, Q
D1HENSION XH(6)
DATA XMU / 398600.8 /j XJ2/ 1082.6E-96 /v AE 1 637B135 /
DATA R?. / 541.15E-06 /
DATA B0982,83,04,05 / 39800o8,-.l755528999Ecl±,.26386647738E+12,

1 iO6307T399EE+I5v,*0560vO ZZEt18 /
DATA OT / 0.0 / , CN2 / 0.0 /9 Ai / 0.0 /9 El / 0.0 / , RNI/UoO/

C
C THIS IS THE PFS FUNCTION

C
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PI x 3.14159265359
DEGRAD z PI / 180.
READ *9 IOAOP
READ *9 KSA9 ITYPE, FT, TVE

C
C ENIER CIS FUNCTION
C

IF( IOAOP.NE* 6 ) CALL ORBAOJ( IOAOPK'SAvUJO, IYLDIDAVSEC)
IF 4 IQAOP*NE,01 GO TO 40
READ 4, KSAP9 IYLOIOAV

4 FORlAT(XI5,4XIltI3)
READ 5 , UJO, ETU, HI, GO* BES, B!1i

5 FORMAT (8X F14.895 (X,FS* 4)
READ 10, AD

10 FORMAT 1//SXFi1.5)
8XI x BI'DEGRAD
BW = GO*DEGRA0
80 c O*DEGRAO
B3AM ETUfDEGRA0

C SEE EQS. (2).-(3)
C

FN = L. / t 1. -ES*ES 1 * 1.5
TA x SIN( BXI)
TB =TA' TA
TE =1. -(3.*TB)/2.

TADO C 3. * R2)/(2.AO*AB))*TEFFN
BA z i AO'((1o 42.fTAO) C i . -TAO ) '0.6666666667) 'AE

SEC 0. 00
PRINT L5

15 FORMAT CIHi
C
C ENTER BIS FUNCTION
C

30 CALL BRAVER tBoBa,9)3te41,e5tT,BA8ES,8XIvANBW,309CN29AvES*Xl,
I AMWOA*El#RNil

34 FORMAT(/,56X,'A3ROUI4ER'?
PkINT 35v KSAqUJD, A0BA98ES,*819BXIiETU BAM GBBW*HOBO

35 FORMAT (39X,'tIEAN ORBITAL ELEMENTS FOR SATELLUrE *vI5v'l*ri.1//9X,'EPOCH (JULIAN DAY MINUS 2,400,000.5) **,E22 if#/ L)(
2*SEMIMAjOR AXlS ,24X,E2Z.4,*v EARTH RADII *#EZZ.i4v
34 KILOMETr-RS'9X,'ECCENTRICITY',26XE22.14/9X?
4*INCLINATION' ,27XvE22.14s* 0EGREES'6XE2214,' RADIANS/9Xt

5*MEAN ANONALY'26CE2214#* OEGREES6X,2214,' IADIANS*/9X,
64ARGUMNT OF PERISEEii9XE22i4,' DETREES'6XE22. 14,p
7' RADIANS/9X,'RIGHT ASCENSICN OF THE ASCENDING NODE *,E22si4,
8' DEGREESvfXE22i4* RADIANS/)

C
C ENTER NEB FUNCTION
C

40 CALL FORM
C
C ENTER WHI FUNCTION

Vol
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CC

CALL MEAN
XXL a Xti(Z1 OEGPAD
PRINT L5
PRINT 50v KSAUJ0,XM(i),PXXXLXM(3)sXII(41,XM(5),XM(6I

50 FORHAT(28X9*PEAN NONISINGULAR ORBITAL ELEMENTS FOR SATELLITE *9159
I' - *91/3iXI*EPOCH (JULIAN DAY MINUS 2,49000.5 1 *,E22914/3iXt
2*SEMIMAJOR AXIS*92i.XE22.I'.,4 KILONETERS4 /3IX,'LAlaODA*,32XE229I4,
aixp
3'DEGREES'/31X,'ZETA*934XE2214/3X,4ETA, 35XE22. 14/ 31X,'P,3?X,
4 E22o14/3LX,*Q,3?XvE22.14/)

C ENTER KEB FUNCTION
C N'

CALL DCMPOS
XA a BA /AE4
XXI zXI I DEGRAD
XW a W / DEGRAD
KO =0D / DEGRAD
XAM =AM / OEGRAD
PRINT 60

60 FORMAT (///,5X,*KOZAIIl
PRINT 35, tSAUJDXABAESX~IXIPXA~lANXWWXO,

C

CALL MX1512(KSAITYPEFTIYLOIOAYBAXXIESEWX0,XAMUJDTVE

I SECIOAOP)
STOP
END

SUBROUTINE FORM

C THIS IS THE NEB FUNCTION.
c OSCULATING MN~SINGULAR ELEMENTS ARE FORMED FROM H4E OSCULATING
C KEPLERIAN ELEMENTS, SEE EQS. (1).-
C N
C

COMMON / KORBEL / BA, ES,' XI, W, 0s All

COMHON / NORBEL / A, XL, Z9 XNt P9 ____

P12 =ZIP
AZ BA
XL W + .04 AN
XL A01D( ULPIZ
mfl oe 0
NO AftOO( WB,.PI2 I
Z x ES 10 COS( WB
XN =ES 4 SIN( WO)
P = SIN(0.56XI) *COS( 0)
Q z SIN(O.51-XI)*SIN( 0 )
PRINT 9

9 FORMATl/,I46Xf,4OSCULATING NONSINGULAR ELEMENT SET--&)
PRINT 109 A t XL, Z# XN, P1 0

£0 FORMAT (/950X.,*A evG16. IC,' KM',/58X,

A-5
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I fL.AMBDA=,Gl6. lO,#RAD*9150Xt
2 '*ZETA =*vG16*j0,/5QXv
3 *ETA =',Gi5#iOv/50Xv .

4 fP 3t*,Gl6.10,I5OX,
5 qQ =*vG16o 10)

RETURN '

END
SUBROUTINE MEAN

= C
C
C THIS IS THE WHI FUNCTION. MEAN NONSINGULAR ELE1 ETS ARE OBTAINED
C USING THE WALTER ALGORITHM.
C
C

DIMENSION XOSC(6),XM16),TOL(6) 4 DELX(6),XSP(6),XIN(6)
DIMENSION SLM(6)
COMMON / 'ORSEL / A1.XL*Zv,(NPvQ

*COMMON /MNEL /X4
COMMCN /INTG /SUN, G,) XMOT

DATA TOL ,' 090195"0O000oi
XOSC(l) = A
M'OSC(2) =XL
XOSC(4) =XN
)XOSC(5) L
KOUNT x 0

C

00 10 I 1#6

C VLUT XMIXSUMS O INTEGRALS OF GEOPOTENTIAL OISTUR-3ING FUNCTION

C LORTAD SHDERIODTICE ARR aY. (7-(4,37-4
C

XSP( £I XSPA ( XH
XSP(2) =KSPL( XII, SUM, G, XNDT )
XSP(3) KSPZI XMI SUN, 6, XMOT )
XSP(41 KSPXNI Xi, SUil, Gi XMOT I
XSP(5) a XSFPl XM, SUM, G9 XMOT )
XSP(6) = XSPQ( XM, SUM, G, XMOT )K KOUNT x KOLJnT +i

c ITERA7E F3R IIEAN ELEMIENT&. SEE EQS. (33)-(34).

DO 50 J a1I 6
XMN(J) X OSC (J) - XSP(JI
DELX(J) =ABS( XMN(J) - XM(J))

IF ( OELX( J) ;LE9 TOL(.J)) GO TO 50

A-6
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50 CONTINUE
O0 60 K 1,6
IF(DELX(K).GTTOL(K).ANO*KOUNTaLT.I00) GO TO 20 ...

69 CONTINUE
70 IF(KOUNT OLT* Ise ) GO TO 90

WRITE (6,100) KOUNT -\-
100 FORNAT(/,24X, *THE KOZAI MEAN ELEMENT CONVERSION ALGORITHM OI NOT .

I CONVERGE IN *,15, ITERATIONS**)
PRINT 101, (TOL(I),I2.j,6)v(OELX(I),I"1,6)

£01 FORNAT(/,5X, THE OESIRED TOLERANCES NERE--*9/,e(2XvEI2.,4)/5X,
2 *THE FINAL TOLERANCES WERE--4 ,/t,6(2X9El2.))
RETURN

90 CONTINUE IPRINT 919 KOUNT "-xi!

91 FORMAT(I ,30XTHE KOZAI MEAN ELEMENT CONVERSION ALGORITHM CONVERGE
10 IN *,I5, ITERATIONS**)
RETURN
ENE
SUBROUTINE EVI

C
C
C THIS IS PART OF THE WMI FUNCTION, SUMNATICNS OVEt P AND Q OF
C THE INTEGRALS OF THE GEOPOTENTIAL OISTURBING FUNCTION PARTIALS ARE
C EVALUATED* SEE EaS. (6.26) - (57)-(74),(37)-(42).
C

DIMENSION XN(6), SUN(6)
COMMON / INTG / SUN, G, XMCT
COMMCN / CON / OEGRAD, XNU9 XJ2, AE
COMON / MNEL / XP4 r.
CONMCN / KORBEL I AAESXINOHA 1.
XHOT = SQ.T( XMUI C XN(110*3))
Lz 2
tiz0

00 10 1 : 1, 6
SUM(I) = 0.0

10 CONTINUE
CALL DCMPDS
AA z XM(.)
G = 1. - ES*ES
G a SQRT(G)

B XN(4)

C , XM(5)

CH - -XJ2*(XPIUAE*AE/(AA**3))
CHI -CM/AA

00 20 11It3IP I -tI

IQT 2IP -2
IAL Nl - L + 2*IP Y
00 30 J = 1, 5
IQ=J 3 +
IFtIQEQIQT) GO TO 30
THT : (L-2*IP+IQ)*XM(2)
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IQP zQ
IF(IQ.GT*O) lop IQ -

IF I IQ*LT. 0 1 IQP a IQ *i1
MPI0
IF I AL .LT. 0 ) N4P M' # I
IF IIAL . GT . 0 ) MP uM- I
CJ 3XJL9P(L,9IIPXi

=K XKLPQ(LvlPtIatG)
DI(DZ a- ( XM(3)/;IOKLPQ(Lt IP, 1i, G)
DI(DN a - ( XN44)/G)*BKLPQ(Li IP, IQ, G)o
OJOP = -2.*XMC5)*OJLNP(LtNIPtXI)
OJDQ a -2. *XM(6)*OJLMP(L*MglPtXl)
R x RtLhPQ(LmpipPQvA,BCD)
RQP RLMPQLNIPIQPvAvBCD)
RMP sRLMPQLPIPvlQA,8,CO0)
B1 BILMPQ(LNIP9IQAqBCv0)
BIQP sBILMP(LNIPIQPAseCvO)

* BIMP a BILMPQ(LMPIPIIQvAt8,CD)
CT z COS (T HT)
ST x SIN(THT)F
SUNII) =SU(JN() +C?1 4CJ*CK*IR'CT4BI1ST)
SUM(2) a SUM(21 + (3,(*24PI)*V'C*K(*TB*T
SUM(3) xSUN(3) + Ii./(2.-.IP+IQ)*CM*CJ((DKDz'R4IABS(IQ)'CK

I *RQP)*ST-(OKDZ'BI+IA3SII)CK*8IQF)'*CT)
SU?1(L) z SUMI4) + (i/(2-2IPI))?CJ(KoNR-IO'CK8zcJP)*ST

£ - DKDN*81 +IQ*CK*RQP)*CT)
SUM(5) a SUM(5)+(i./C2.-2.*IF+IQ))'CM'CK'((0jDP'RiIABS(2#ZP-2)#

I CJ*RMP)*ST - (tJOP*81+IABS(2'IP-2)*DCJ'8IMPI'CT)
SUM(61 a SUM(6) + (1/2-*I*0)C*C4tJOR(cI-)

i CJ'BIPP)'FST-IOJDQ'8I+(2'IP-2)*CJ*RMP)IPCT)
30 CONTINUE

x20 CONT INUE
RE TUr N
ENOV

SUBROUTINE DCMPOSIL

C THIS IS THE KEB FUNCTION. MEAN NONSINGIJLAF ELEKE'4TS ARE
C DECOMPOSEL INTO MEAN KEPLERIAN ELEMENTS. SEE EQS. (75)-(79).
C

DIMENSION XM(61
COMMCN / ?INEL / X4
COMMCN / KORBEL / A,9ES XI9W9OM,*AM
PI 3.14159265359
P;2 2.'PI
ES = sczRrxmc3'xNii3v + XHC4)'*U(41)
0O ARTt-Q(Xt1(6)vXMi(5))

*WB, = ARTNQ (XM14)PXM 1)L
Wx We 4- ON
IF I M.IT. 0 R4 z P12 + WI
XI = .4OASItN(SQRTIX~i()XNI)XM(68'XMI6)))
A z XN(I)
AM =XM(2) NO14
IF AN.LT. 0.9) ANM P12 + AM
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4.

RETURN
END
SUBROUTIK~ 8RAUER(082,3,84,85,DT1 A2PE2PCI2Pvw^LI2PG0ZPHO2P,

ICN2,ACECICL, GHADTRN~vESD)
C

C THIS IS THE BIS FUNCTION* A DRAG AUGMENTEG BROUWER - LVGDANE
c THEORY IS USED TO GENERATE OSCULATING KEFLERIAN ELEMENTS FROM
C MEAN BROUWER ELEMIENTS. SEE EQS. (4)-(25).
C

1004 A2P2=A2PO'P2 BRLY0050
A2P4r-A2P2#2 BRLY0060
CNC=SQRT(B 0/(A2P2*A2P)) ORLY0OTO;Z"

EZZEPIZBRLY0OSUV,.
ETA=SQIT (L.-E2P2) BRLY0090
SINEIuS IN(C I2P) BRLY0IQI
THET AxCOS ( C U2P) BRLY41iO

THET ke THET A'42 BRLYO 129
THETA6THETA4 4THETA2 BRLYOI48
C J2= -82 / (2 .* 8 0*A 2PZ 2 RLY0150
ETA2=ETA 4*2 BRLY0I60
ETA3=ETA2*ETA BRLY0170
ETA4=ETA2**2 BRLYD 180
CJ21P=CJ2/ETA4 8R49
Cj31PaB3/( BO#A2P29 A2PETAL4*ETA2I ORLY0200
CJ4IPt3.' B4)/(8*BOA2P4ETA4*ETA4) BRLY021G
CJ5iPaB5/C BGOA2P4*A2P#ETA4*02*E TAZ) BRLY0220
FUN1=3**THETA2-i. BRLY0230
FUN2' 1.-5. 'THETA2 BRL Y0240

*SINEI2xSINEI*42 8RLY0250
Ai=A2P#CJ2FUNI BRLY0260
AO-At/ETA3 ORLY0270
A2x3. *A2P*CJ2*SINEI2 ORLY0280

N FUH5=1.- 11 .THETA2-(4.THETA4) /FUN2 ORLY0290
FUN6= -FU Ni- (8 .T EA 0F UN2 BRLY 0300
FUN4= THETA2/S INE12 BRLY0310
FUN22=FUN2*'2 ORLY0320
Cj2lF2=CJ21P*02 BRLY0330
E01P=-((E2P*ETA2)'(3.*CJ21Pi:*FUN5-10.' ORLY0 340

iCJ41P'OFUN6) )/ (24**CJ21P) BPRLY2350
E21P=-2.*EG1P BRLY0360 w.
E3P ((5BC5P722EA*IEIiU2#E*HT4I tN)/9. RLY0370

1 CJ21iP) ORLY038O -

EiIP=-.7 P E31P+ ((. 25ETA2*S INEI) *(CJ3iP4.3l25*CJ5lPd,43 q*E2P2) * BRLY0390
1(lo-9.'THETA2-(24'FHETA4)/FUN2)1#/cj2ip BRLY04.00

CIO-(E2P*THETA)/(ETA2*SlHEI) ORLY0410
rCI2zCJ21P*THETA*SINEI~1 .5 ORLY0420

C11=E2P#C12*. 66666667 ORLY0430
FUN7= (-.5*ETA3*CJ21P)/E2P BRLY04.40
CLI=EA/J1)(2*Ji2FN-6333*Ji*U6 BRLY0450
CL12P=CNQ#(is +i 5C J2PETA *FUNIt. 09375#CJ 21P2*EtAt'(- s15i6* 4ETA+ ORLY0460
12*EA+3*9*EA9*EA)THTZ(0.i4#T+5*T2, BRLY0470
2THETA4)+.9375 4CJ41P#ETA*EZP2(3.-30.THETA2+35.#THETA4)) ORLY0480
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CL22Pxo 5ICNPCN2

G21P=(i./(24.CJ2iP))#(-3.*CJ21P2#(2.*E2P2-i.#(2.,3.#E2P2)#THETA20RLY0508
£-40.#(2.,5.#E2P2)#THETA4/FUN2J-f0*E2P2#THETA6/FU4221,10#CJ.±P, ORLY05iO
2(20 ORLY0520

4 T ET6/ UN 2)BRLYO 54.0

G332=N.'.H2 ~ PFN+097*Jl2*-5+46 T+5*T2 ORLYO00

1H01. 66666E2*EA)rHT2(85+6.EAi52TZ)TEA ORLY9560

31P(3.*JITP 4 2HET)(i..TJiP)(.IIII)N- ORLY058C
H2I.5*JET PTHEFNTSNI#A.3.TEA2IU28.THTa/U2) BRLY0590
Hiiz-.*2 BRLV06400

i H66666iP*4I2EPTTA/C2PS#E)#Cip31.C1p BRLYO65
H21P=*3. CJ'(.-9PE A2(2.THETA4)/ FUN21.8TCJ2P.5 SINEI z.- BRLY0629

3 (4.+3.#E2) 4*(3.+( 6. 4 THErA2)/FUN2.(4I.*TETA.)/FJN22)) ' RLY0670
N2iP=(E2P2*THETA) /(i2. 4 CJ21P)(-3.CJ2P2* ill*+ 81 o T HETA2) /FUN2+ ORLY0680
I (200.*THEY A4) /FUN22) +0 0CJ.1P* 13o 4(6 oTHETA2) /FUN+ (48 oTHETA.)/BRLY0690
ZFUN22)) BRLYOTOD

H1PCN* HEOt-.*J1 .35CBP*-,1**T+9 E 2 -5 RLY0718S
i36.#ETA-5.#ETA2)#THETA2)+i.25#CJ4iP*(5.-3.#ETA2)#I3.-7.#THETA2)) aRLY0720
AIO=CJ51P/CJ21P BRLY0730
AID2=FUN2- (l6.*THETA4)/FUN2 BRLY0740
Ci-5/8.AOET3EPSNIA0 BRLY07 50
AID3=THETA 2iSINEI ORLY0T60
A!D4=THETA 21*SINEI SRLVO770
E2P3=E2P2*E2P ORLY0780
C 2r35./ l152.*AID*( (-E2P*SINE I#(3.+2.*E2P2) +E2P3*AZ0 3) AI02+ ORLY0790
i2o*EZP34 AID044(5 a ( 32**THETA 2)/FUN2+(80 O*THETA4) /FuN22) BRLYOSO
C3=i.-9.*rHETA2- (24.*THETA4) IFUN2 BRLYV0810
AID5=CJ3iP/CJ21P BRLY0820L
Cl=2*I51EPADI5/4*I'(EPA0*4+oEP) BRLY0639

2 C3.+(i6.E1HiETA2) /FUN2G(40.'TETA.) /FUN221 ORLYOSSO

C5=E2P/tt.4ETA3)(3.-E2P2*(3.,E2P2)I RY56
C6= iE2P*(-32. +81.'(E2PZ*EZP2)) ) f((4o.3**E2F2) +ETA* (4, 9'E22) 8RLY0870
CT=.25*AIO51SINEIC5+5/61. 4CS*AIO4 ETA2*SI EI'C6 BRLY0880
C8x - .25* AI1O5*ETAS *S INEI-5. / 64. *AI IOETA 34 S INEI* (4o 9 .E2P 2)*C 3 BRLY0890

0510 T=DT ORLY09L8
CL2P=CL12P*DT+CL22P*DO 1 'ZCL02P + RNOUT*DT
CL2 P=AMO00( C L2P, 6.2 3318 530717 SW
I F(CL2 P)52 0 9530, 53 0

S,20 CL2P=CLFt6.2o3t8530?i796
530 G2PuG12P*0T+Gl,!P BRLY0940

H2P=H12P * 1Di nU2P BRLY0950
SItEG=SIN(G2P) BRLY0960
CISIKG=COS(GZP) BRLY0970
DIE=SZNEG'(SIEG*(E31IPSINEG+E21P)+E11PIECIP ORLY0988
HiPm((H31P'SINEG*Ii~iP)'SINEG.HiIP)4C0SINGtHZP ORLYU 990
GPLP=G2P+CL2Pt.54(CL2iP*G2iP)*SIN (2.*G2P) k(C1+C2)'COS C3.* G2P)
1+(C4+C7TVCOSING

CLLP=CL2P BRLY1020
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UzCL2P BRLYL0
100 OELTAUzfU-E2P*SIN(U)-CL2P)/ (1.-E2P'YCOSCU)) LYO.

Us U-DEL TAU ORLYIO5O
IF(ABS(DELTAU)-i.E-10)200, 160,106

200 U=U-(U-E2P*SIN(U)-CL2P)/(Lo-E2P4 COS(Ul) BRLY1070
EuU BRLYLO80
SINEtI0xSIN ME ORLY1090
COSEIP=COS(E) BRLYi100 -

G1P1EG2P BRLYIIID Y
AOIVRxI./( £.-E2P*COSElP) BRLY1120
SINFLPxADI VR*ETA*SINEIP BRLY1138
COSFIPxAOIVR' (COSEIP-E2P) ORLY1140
FIP*ARTNQ( SINF1PCOSFiP) BRLYiI5O
IF (ASS(FIP-CL2P)-3. £'159265 35898) 220,216,210

210 STOP
220 FUN3x(i.+CN2*T)**.66666667

COSFGxCOS( 2.' (GiP+F IP))
SINFGmS IN( 2 .*(GlPsFIP )
ADIVR2sAOIVR*42
ADl VR3=A~tUR'v3
GI=Cl2PCIO*OiEII*SINFIPSNFG(2.Cli*CCSF1PCIeh#COSFG BRLY121C :7
FUN8:FiP-CL £P+E2P*SINFIP BRLYi22U

6018 HuH1Pt(2.#H1#C0SF1P+H2)SSINFG-HieSINF1F#CO3FG4,H3#-UN BRLY1230
KFUNrH/6.2831853071796 ORLYL240
FUN9= KFUN BRLY1250

HmH-FUN9*6.*2831653071796 BRLY1260

IF (H)8022, 8023,8623 ORLY127O F
8022 HuH+6.283L85307i796 ORLY1280
8023 AA2P/FUN3+A0,(Ai4-AZ*COSFG)'ADIVR + AOT'OT

AID6= ADIVR2*ETA2+ADIVR
Al 07=S N (2. IrG2P+F iP) BRLY 1310
AI08=SIt4(2.*GkP.3.*FlP) BRLY1320

13.*E2P*AID? 4E2P'A106 J) BRLM340L

02r..25*CJ2 IP*12o ( 3.#*THETA 2 -to1 4MAI06*Is)*SINFIP3* Us -T4ET A2)' BRLY1358
2 c(-A1064-ia'AIBT.(AI06+933333333)*AIDS) I BRLY1360
AID3=COS(2. 4G2P+FiP) BRLY1 370
AIDO=COS( 2.*G2P43.* FIP) BRLY1380
DS=-ErA2'. 5*CJ21PP(1.-THETA2)#(3.4AXO9*AI010) BRLY1390
ETA61io/( ETA3*ETA3)
O4=ETAfI#(C5 4COSFIP#(3.+E2P4COSF1F#(3.+E2P#COSFiPI 1) ORLY1410
O5=ETA6!~!E2P.COSF±P4 '3.3E2P'COSF1P(O3.tcE2PmCOSFIP1)$* BRLY1420
06= ET2C2**(*iEA-o*4+9t*TEA)O*OF 0 BRLY1438
GAL*GPLP*Di*( E2P#-T AZ / t1.ETA) '02 BRLY1440
CES E2P-la 1I01*+Cl2 4OT) 40*6666666666667+.n1E+u * ESDOOT
EDLB*5*E2P*CL21P*SIN (2*WG2P).C8'CCSING+E2P*CI'COS (3.WG2P)-
IETA3*02 BRLY14.76
A*1 'SIN( CL2Pf BRLY1480
AIDISUCOS(CL2P) ORLMi90
ESL=CE 4AI 0144EDOAID15 BRLY1500
ECLaCE *AlD15-EDLOAID14 BRLY151l
CE=SGRT (ECL*ECL+ESL*ESL) BRLYL520
CL=ARTN0(ESL ECLU BRLY1530
G:cGAL-CL BRLVI54.0
GzAtIOO(G662831853071796) BRLY1550
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IF(G)B02498025,8025
8024 G aG + 6. 2833.5397079
8025 RETURN ORLYi56 L

END BRLTS5?0
SUBROUTINE CORDELfRVHVipQiTAUEU)

C

C THIS IS PART OF T4lE CIS FUNCTION. OSCULATING CARTESIAN FOSITION
c AND VELOCITY VECTORS ARE TRAN~SFORMED INTC OSCULATING IEPLERIAN
C ELEMENTS. SEE EQS. (26).(31).
C
C

DIMENSION RVl6),HV(6)
XaRVW1

YgRV (2)

ZzRV(33
VXDD XDTO14DOOO#Z E 66
YDO=4XOTX#O
Z=*YVTY#DO
HSQRT (X'HX*Y+HZ HZ

AAXI / (2 ./R-VSQ/Q)
ESINU=(XXDOTtYPYDOT+ZZDOT )/SQRT (Q*AA)
ECOSUR4VSQ/Q-i.
ESQ=PSINU*ESIMNi.E2OSU*ECOSU
EaSQRT( ESQ)
ROOT=SQRT( 1.-ESQ)
ANGLE~zARTNO1SQNiT(HX*HX#HY#HY) ,HZ)
IF(ANGLEI-T A~ iEp5s5

I SGNH 2HZ/AS (HZ)
AINGLEI~i.57079632&7994#(±.-SGNHZI
OIIEGAO0.
IF (E -TAUE) 2,.30

2 ANON tL:ARTN (SGNHZ YX)
GO TO 9

3 PERIGuARTN Q(SGNHZ*Y 9X)-ARTN 0(ROOT'*ESINU, ECOSU- ESQ)I IF(PERIG)4p797
4 PERlG=PERIG+6.283i853071?96

GO TO 7
5 OMEGA ARTNQ(HX9-HY)

IF(E-TAUE) 89696
6 PERIG=ARTNQ (Z9 H#(ECOSU-ESQ), (X#I1Y.VY#X) ROOT 4ESINU, Z* ROOT*

7 U*ARTNQ(ESINUsECOSU)
ANOllAL=U-ESINU

I GOTC 10
8 ANON ALwA~r1Ng(Z*NY*HX-X*HV)
9 E = 0

PERIGx0.
10 CONTINUE

C TAU=-ANOMALSRT(AAAAAA/Q)/3600.
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TAUr ANOHAL
HVCI)=AA
HV 2)z
HV(3)uANGLEI
HV (4)=PERIG
HV (5)=OMEGA
HV (6)xTAU L-
RETURN
ENDJ
SUBROUTINE ORBAOJI XOAOP, KSA, TOA 9 IAYR, IDJDA, 4DJSE

C
C
C THIS IS PART OF THE CXS FUNCTION*
C
C

COMMON / KORBEL / A0lEivXliG~iH~iFLOI
DIMENSION RV(6) , HV(6)
IF ( IOAOP o EQ s 0 1 RETURN
READ * t IAYR, ADJDA, AOJSE
READ *9 RV(i), RV(2l, RV(3)
READ 9 RIV(4) v R.(5)t RV(6)
£TOA~ t72L044.. + 367#IAYR -(7*IAYR)/. ADJOA *(ADJSE/a64V.UO.

Q r.398600.5 7
TAVE = L.E-06
CALL CORCEL ( RVNVtQvTAU.IU
A~i HV(i)
El. = HV(2)

XII HV(3)
GOi = HW(4)

FLOI mHV(6)
PRINT 15

15 FORMAT ( LH1
25 PRINT 24v IOAUP
20 RHAT(42X*'IPROCESSING OPTION ,I149* SELECTEO*9/1

PRINT i0, IAYR, AOJDA9 ADJSE
10 FORMAT (39X,#THE POST ORBIT ADJUST EPOCH IS- YEAR*915, DAY *9
i F6*it* SEC *tG16ei0i

IDJDA a 'DJDA
PRINT Li

I! FORNAA(/3I~T POST OREIT ADJUST CARTESIAN' VECTORS ARE -f

PRINT 12, ( RV(I), IT-196 )

I *Y =4,G16.i8 - KM*/39X*
2 4Z 4,*Gl6el0 tv KM*/39X,
3 *X00T ,Gi 6 o10 1 KM PER SEC'P/3f9X
4 fYOOT= ,pGI 6. 10 9 KM PER SEC*/39X,
5 REUN 4ZOO r= v616. 10, K14 PER SEC*)

END
SUBROUTINE MX15O2(KSAITYPE ,FTIYIDBAXXIESXWXOXAMUJDTVE,

± SEC, IDJOP)
C
C

A-13
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C THIS IS THE GFS FUNCTION. THE FOLLONING SHOULD BE NOTEDs
C (1) THE INRJT VALUE FOR TWE SHOULD BE PERIODICALLY UPDATED
C FROM THE NAUTICAL ALMANAC.
C (2) THE YEAR CONPUTATICN IAYR ASSUMES THAT ALL VECTOR EPOCHS
C ARE BETWEE4 THE YEARS 1980 AND 1989 o EPOCH TEARS OTHER
C THAN THESE WILL NECESSITATE CHANGING 1981 ZN THE IAYR
C EXPRESSION TO THE APPSOPRIATE DECADE.

C
DATA ME / 7.292115856E-15 V
PRINT 10

10 FORMAT ( IH1 )
PI a 3.14159265359
P12 £ 2,*PI
DEG =PI f 189.

IF (IOAOP oEQ9 0 GO TO 15
IAYR x IY
TH z SEC / 60s
GO TO 18

C COMPUTE MINUTES OF DAY (GMT) o SEE EQ. (80).

C
15 IAYR = 1980 + IT

TS a UJO - 1721044. - 367*XAYR + (7*IAYR)/4 - ID + 2401001.0
TM z (TS * 86400. / 60#

C

C COMPUTE EARTH FIXED LONGITUDE OF THE ASCENDING NODE* SEE EQ. (81)
C

18 RAG = WE ' ( UJO - TIE ) 86400.
RAG = AOD ( RAG, P12)
RAG = RAG / DEG
XOL = XO - RAG
IF ( XOL+LT. 0.30 ) XOL • 360. + XOL
PRINT 20

20 FORMAT(////,37X**GEODETIC SATELLITE ORBIT PARAMETEiS FOR THE MX 15
102-DS GEOCEIVER*)
PRINT 30, KSAITYPEIAYRIDtTMXAtXWtESBAXOLXKIFT

30 FORMAT(//957XP*SATELLITE IDENTIFICATION*96XI5/57E,
1 *SATELLITE TYPE4,16X,15/57X9
2 *ELEMENT SET EPOCH (GHT19/76X,
3 *YEAR',7XqI5/TTXq
4 *DAY ',7X* I5/76Xv
5 * NN'v5XvF7.2///44X9
6 *MEAN ANONALY ',ZXE22.14,t AEG*/44Xt
7 'ARGUMENT OF PERIGEE*9,13XiE2 2o i4,* DEG'/44X9
8 *ECCENTRICITYvi,2OXE229 14/44X
9 'SEMI-MAJOR AXIS',ITXE22*14,' KM'/44X,
A *LONGITUDE OF ASCENDING NOOE'tSXE22.14t* DEJ;'*/44X9
B *INCLINATION',ZiXE2214,'v DEG/44X,
C *TRANSMISSION FREQUENCY*.iXtE22s14v* PPW*f)
RETURN
END
FUNCTION XSPA(XM)

C
C

A-14
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C COMPUTE THE SHORT PERIODIC VARIATICN OF THE SEMI-IAJOR AXIS.
C SEE EQ. (3'7).

C

DIMENSION XM(6)
COMMCN / KORBEL / A, ES, XI, W, .QM, AM
C OMM ON / CON / DEGRAD, XMU, XJ2,- AE -

F = All + 2.4 ES*SIN(AM),(5./4.).ES4ES#SIN42..AM),(i3./12.)*ES.ES'
I SWN3.'AM)
P a XM(1) (i. -ES*ES
R~rc P i . + ES*COS (F))

i SIN(XI + 1. 5*SIN( XI)SIN( XI)*COS(2.'142.'F))-(i.- 1, 5SIN(XI)' ,

I SIN(X))(1.-ES'ES)**(-i.5)) "L
RETURN
END
FUNCTION XSPL (XM, SUM, Go KNOT)

C COMPUTE THE SHORT PERIODIC VARIATION OF LANLRDAo SEE EQ. (38). Li
DINEhSION SUMf63, XM(6)
XSL r. - 2./(XMOT*XMOT*XM()))'SUM(2).IG/2.'XMOTXMOTXM(1 WX

I 1.XM(1)))*XM(3) #SUN (3),XM(4)-4 SUMt4II,(./(2XMOTEMHOT#XMti) 4 *
2 XM(2.)*GJ)#(XM(5)*SUM(5),XM(6)#SUM(6))

RETUPNI FUNCTION XSPZ (XM, SUM, G, XNOT
C

C. COI(PUTE THE SHORT PERIODIC VARIATION OF XI. SEE EQ* (39).

DIMENSION SUK(61, )XM46)
XSPZ z -4/~47XO*l~)X()(1+))X()SMl-G(MT

i X'A , *X M (1) 4XMH(i) S Mt4 ( .' T N0TXNIX
2 XM(4)*(XM(S) 4 SUM(5)+XM(6)*SUM(6)
RETURN
END
FUNCTION XSPXN ( XM, SUM, Go XMOT

C

c COMIPUTE iHE SHORT PERIODIC VARIATICN OF ETA. SEE EQ0. (40).
C

C DIMENSION 5UI (6*),X"(6) i+))XVSJ()(GXOT

tXh(1)wXf1i )) )*SU~l(3) + 4 i./(2.**XNJT*XNOTVXM( £)*XM (1)'GI)'OXM(3)
2 *(Xfl(5) *,UM(5)*XM4I$V*SUH (61)

RETURN
ENDI Y
%FUNCTION XSPP CX(19 SUM, Gt XMOT

C

tAI5
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C
C COMPUTE THE SHORT PERIODIC VARIATICNI OF Fs SEE ECQ. (41).
C

DIMNhSION SUM(6), XM(6
Ci z i./(2.'XNO0T*XNOT4XN(1)*XM(i)*(;I
XSPP a -Ci*XN(5)*SUM(1)i - 9*5*C1#SUN(6) +CI*XN ~'X?1(4)*&IM (3)-

i XM(3)*SUM(id)
RETURN
END
FUNCTION XSPQ t XM, SUM, Gi XMOT I

C
C
C COMPUTE THE SHORT PERIODIC VARIATION OF 0. SEE EQ. (42).

C
DIMNISION SUM16), XMW6
CI L../(2*.4 XNOT*)CMOT*XM(I)'KXM(1)*GI
XSPQ a -C 4 XM6*SU1(1) + O.516CIvSUM45I + CL*XH(6)'I XH(4I*SU.P(3)-L

I XI(3)*SUM(4))
RET URN
END
FUNCTION KJLMP(L,I,P,I)

C
C
C EVALUATE THE INCLINATION FUNCTION Jo SEE EQ. 5)
c

REAL JLMP, I

INTEGER Ft ALPHA, AALPHA, P2
C aCOS(O.5*I)
S =SIN10.54I)
ALPHA a M-L+**2P

* MALPHA = -ALPHA
AALPH4A a IAPZ(ALPHA)
Li a L-N
K a O.5*L.
00 5 JJJ = 1,1092

IF (L1.EQ.JJ K =K 4
5 CONTINUE

L2 z 2*L-2*P

J* P= a~
J2a LI

L.3= LtM

F' a.4 L-P

If tt#ALPHA.GT.Ji) J1 a MALPHA
IF II2.LT.J2) J2=&.2
IF tiI.&T.J2) PRINT 13, J1,J2

LO FORMAT (IH0, 20WPRO GRAM TERMINATED IN FUNCTION JLNP---Ji GY J2--
A JI AND J2 =',215)

IF (JL*GToJ2) STOP
JLMP a 0.00
Ji Jj*j
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J2 J12+1

J = jJ-i --

20 CONTINUE

FUNCTION DJLMP(L,I,Ptl)

C EVALUATE THE DERIVATIVE OF THE INCLINATIONI FUNCTION WITH RESPECT
G TO COS(#5*Ii * SEE EQ. (68).

REAL I
INTEGER Pt ALFHA, AALPHA, P2
C 3c COS10.35#II
S = SIN(0.5fI)
ALPHA z M-L'24P

43 IIALPIA a -ALPHA
i. ALPHA =IABS(ALPHA)
Li L-M
K 0@5*L1

5CONTINUE =K+£

J2 =Li
L3 x L+M
L4 =L-P
FMULT z (FACT CLWb (FACT (P') *FACT (L41) (2o **L))' ((-is )**K)
IF (MALPHAG*Ji) .i1 a MALPHA
IF (L2.LT.J2) J2=LZ

IF (JI..GToJ2) PRI14T £0, Ji,J2
10 FORMAT (1H0 2QXvPROGRAM TERMINAYE.'j IN FUNCTION DJI.NP---Ji GT J2--

A J1 AND J2 =4,2IS)

DLMP %0.0
Ji. a Jul

0O 20 44 S 2
J x JJ-1

LL5 Li-J
F a((-1.) 4*J) BINON(L2, J2"BINCMtP2L5FMULT

'71 LMP =OLMP + F'tC"(2L-LPHA-2J-1)(S*ALPIIA-AALPHA))*
A((24L-AALFiA)(S*(2*J))-2J+ALPHA-AALPiA)(S'*(2'J-2)))

20 CONTINUE
OJLMP a DLHP
RETURN
END
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FUNCTION XKLPOCLPtQvGANA)
C

C

iNTEGER PiQtRiT,AQ*RRTTiPPPU,P(JP
ITST s x1P - L

IF (QeEQ*ITST) GO TO i00
Li = -Z*P
L2 z24P - 2'I
F1. = 0.5*(L - 24P + Q)

AQ IABS(Q)

F3 z I.- GAMA
F4. a ((-1.)*'AQ) 4(2. 4 L) 4 F2(-L-AQ)I
DO 10 KK a1, 3

K r KK-I
KUzAQ + KK

00O 30 TT =iqKK

T *TT-1 0
4L3 AQ 4K - R

Lz K -T
IF(Q.GE.0) 8IFAC=((-1.)*R)BINOM(LZL3)'BINOM(LiL4

IF(Q.LT.0JBIFACu((-1.)'*T)4 BIN0N(L1,L3)8BINOH(L2,PL4)

A
XLPQ =XLPQ + TERM
TST =ABS(TERMI
TSTi a 0.61 XLPO
TSTI ABS (TSTil
IF(fTSTaLTeTS7 I)*AND*(TST.NEo0.00)) GO TO 40

30 CONTINUE
20 CONTINUE
10 GONTINUE

PRINT Lit LtPQvSAMAtTSTvTSTI
11i FORMIAT '.1N0v3 ,sKLPQ BIC 1,O0 CONVERGE- L P 0 GAMA TST TST!7 4

-3!5-

A 3F15.7,//)
GO TO 46

100 IPP IABSCITST)
L6 L-i k,)/

PP (L -IP/
PU p P- I
IF (PU.LTv 0) GO TO 40

T,41 00 50 KK = 1PUP
K =KK- 1
L7 a2 4 K +IPP
XLPQ = LG(~I*(.2*)*ICI6L)BNMLt)(.*-

A ?))((I.-GAMA*GAMA)4 *K) r~
50 CONTINUE V
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40 XKLPQ aXLPQ
RETURN
END

C FUNCTION OKLPO(L,PQGANA) K
C EVALUATE THE DERIVATIVE OF THE ECCENTRICITY FUNCT[ON K WITH RESPECT
C TO GAMMA (aSORT Ci. - E*E) )*SEE EQS. (72)-(74).

INTEGER P iQs R,T, AQ9RR, TT* P P PUPUP
ITST s24ZP - L
XLPQ s 8.00

3Xi. a XKLPQ(LtPvQtGAIIA3
IF (Q&EQ.ITST) GO TO 100
Li z -24P
LZ a 2*P - 2'A.

*F1 a 0.5#(L -24P + Q)

AQ =IABS(Q)
F2 z 1. + GANAF
F3 a (i-. - AN

Xi (I -L-AQ I/ F2)-*Xi
0O 10 KK =1, 3

K x KK-i
KU xAQ KK

D0 20 RR i9KU

EC030 TT zil KK
T TT-1
L3 AQ + K - R

*L4 arK - T
IF(Q.GE.0) 5IFACr ((-.)4R;48INON(L2,L3IS8INON(LiL4

A
IF(Q.LTefl)BIFACaf t-1.)44T)BNON(L1,L3) BINOM(L2,L4)

A ((F.3 4 -K)C4+-K)-KF2(F3 9*(K-1))
XLPQ = XLPQ +~ TERN
TST =ABS (TERN)
TSTi. =.4 * X.PG
TSTI = ABS ( TSTi)
.IF(CTST.LT.TSTI)oANO.(TST.NE.0.U,0)) GQ TO 40

30 CONTINUE
20 CO NTI NU E
10 CONTINUE

PRINT i, LtPQsGAMAvTST*TSTI
ii FORMAT (liiO,3X*K6PQ DI10 NOT CONVERGE- L P Q ;AMA TST TSTI',9315,

A 3F15 7,/
GO TO 40

LOU IPP ZA5S(ZTSTI
X1 (C2'vL+11s'&AMA) XL
L6 a L-i -

PP = (L - IPP)/2
PU = PP -i
IF (PU.LT*0) GO TO 40
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PUP PU + I
00 50 KK 1,PUP

Ku KK - I
L? 2*K + IPP
XLPQ z XLPQ-2.*(GANIA*'(Z2.ZL)3'8INOM(L6,L7)*BINON(L7,K)*

A (2 ***(-L7)) #94Mi.-GANAGANA) (-1))
50 CONTINUE
40 DKLPQ x XLPQ + Xi

END

FUNCTION RLtIPQ(LNPvQvAvBC90)

C EVALUATE THE R FUNCTION. SEE EQ. 5)
C
C

INTEGER ALPHAAALPHAPQAQUiUl2,4jUUIUUZUU

ALPHA a M - L + 2*P
AALPHA sIABSIALPNA)
AQ x IABS(Q)

K x 05*(AQ + AALPHA)
KK K 1
DEL =1.0
IPRO a Q4ALPHA
DO01.0 NN It1 KK

N aNN I
L I = 2* - AALPNA
L2* 2*N

IF (L19GTo 0) Ul x Li
U2 L2
IF (AQ *LT. L.2) U2 =AQ

UUi a UI * £
U L12 =U2 + 1
I FlUi.GT.U2) P~t1NT Ii Ui, U2

11 FORMAT (IND,3XLOWER BOUND G7i UPPER IN SUM OVER U IN FUNCTION RLN
APQ - Ut U2 =49216v//)

IF CUi*GT.U2) STOP
DO 29 UU =UUi, UU2
U wUU -
IF (IPRD*LT*0) DEL x (-i#0I4 *U
N1 z2*N -U

it a R + ((-1.0)**(N4U))*DEL6INOM4AQ,#U)'8IN31 (AALPHAvNi)'*
A (A~f(AQ-U))* (8*)(*(AFA2NU)(*(*-l

- ~20. CONTINUE
10 CONTINUE

RLMPC x
* RETU 44

END
* FUNCTION BILMFQ(LvNPgQtAvBt,oD

C
C

C EVALUATE THE I FUNCTION. SEE EQ. (56).
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* INTEGER ALPMAAALPHAPQAQU*,PU2,UUUIUU2UU
ALPHA a M - L + 2*P
AALPHA zIABS(ALPHA)
AQ uIA8S(Q)
R 0.09
KC 0 .5*fAQ + AALPHA 1)U
KK it K* +£
DEL x 1.0
IPRO a Q*ALPHA
00 10 NN I, KK

N a NN I

L Ia 2*N - AALPHA + ±
L&a 2*N * I
Ul x 0
IF (Li*GT* 0) U1 z Li

IF ( AQ *LTo LZ) IZ 2 AQ
IUl1 = Ul + I
UU2 a U2 * I
1 (LI .GT. U2) R = .0
IF ( UL .GT. U12) GO TO 30

00 20 LIU = LU1, UU2
U aULI -i
IF (IPROoLT*0) DEL a(-1*0)4*U

IF (t IPRO.EQ.0).AND.tQ.LT.0)) OEL(-i*) 4 LI
IF((IPRC.EQ.0)ANO.(ALPHA.LTPO)) OEL a (-i.01**U

NI = 2*N - U + 1
R =R+( (-1.0) ' (N+U+i ))'OEL*BINCMtAQU)'6INOH (AA&PHA,Mli)* %

A (A##(AQ-U))#(B*#LI) (*IAPA-*+-l*D*44-*
20 CONTINUE
10 CONTINUE
30 CONTINUE

BILMPQ a R
RETURN
END
FUNCTION BINOM(HN)

C

c EVALUATE A BINOMIAL EXPANSICN COEFFICIENTS 1

C

IF CN.LT.0) BINOM=O.O0
IF(N.LT.8) RETURN
IF(N.EQ.O) BINOM a 1.800
IF (h*EQ*O) RETURN

IF IH.LT.0 ) Hm N-H-i

IF f L *Lr a ) BiNom voca
IF 9L.LT .0) RETURN

BINOM FACT(M) / ( FACT (N) *FACT(L) k

RETU FN -"
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END
FUNCTION FACT(K)

C

C EVALUATE A FACTORIAL.
C
C

IF L(*LT*01 FRINT 10,K
1.0 FORMAT (lH0,p28 X'PkOGRAM9 HAS TERMIINATED DUE TO FACTORIAL OF A NEGAT

LIVE INTEGER---Kz,15)
IF tk*LT*0) STOP
FACT a 1.0
IF (i(.EQ*UJ RETURN
DD 20 I = 19K

FACT x FACT *I
20 CONT.NUE

RETUFN
END

6/7/8/9
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